Historical and ecological factors influencing population connectivity of stygobiontic and amphibiontic organisms have long been a topic of intense research and speculation. Here we offer RAD--seq data to show that levels of connectivity of a winged stonefly with ground--water larvae and an obligate groundwater amphipod show similar levels of connectivity between floodplains separated by 40 km in the Flathead River basin of NW Montana, USA. This may be due to deep phreatic water connections that enhance movement of organisms between these populations.
others [6] [7] [8] [9] . Furthermore, several recent genetic studies suggest that long--term barriers to dispersal by groundwater species are widespread, even within drainages and in spite of potentially linking floods [10] [11] [12] [13] . The impact of these barriers likely varies according to species' vagility [9] . In spite of recent work, the ability of these organisms to move within and between adjacent watersheds has remained stubbornly unclear. Life history may play a big role in population connectivity, with the retention of ephemeral, winged life stages by amphibionts offering dispersal advantages. Cutting--edge genetic tools offer the possibility to infer the current and historical extent of organismal movement within and between floodplains. An understanding of this dispersal would contribute to a better biological conceptualization of connectivity along the river corridor, a major theme in river ecology and management (e.g. SHM paper). Here we address this issue with a state--of--the--art RAD--seq genomic dataset for two charismatic groundwater species from an exceptionally well--characterized system, two floodplains of the Flathead River in northwestern Montana.
Material and Methods
Study sites. The Nyack Floodplain Research Area is a 9x2 km floodplain located on the Middle Fork of the Flathead River. The Kalispell Floodplain is located approximately 40 km downstream, on the main stem of the Flathead River. Both of these locations are underlain by high--porosity alluvial aquifers that are entirely recharged by river water. The aquifers are likely not connected in the subsurface [14] , but each is known to contain a diverse array of meiofauna and macroinvertebrates [15] . Taxa. We considered two taxa exemplifying the various life history types: Paraperla frontalis, a hyporheic stonefly with a winged adult stage, and Stygobromus spp., a stygobiont crustacean with an entirely hypogean life history that is so adapted to the aquifer environment that it is blind and lacks pigment. We hypothesized that Paraperla would display higher gene flow and less genetic structure between floodplains than Stygobromus because only Paraperla has an epigean stage that might allow it to disperse. Genotyping and population genomics analysis. We prepared libraries for RAD sequencing from genomic DNA from Paraperla and Stygobromus individuals according to standard protocols using the restriction enzyme SbfI and unique 6bp barcodes for each sample [16] . We sequenced single--end reads on 192 samples in 2 sequencing lanes on an Illumina HiSeq machine. Raw sequences were filtered by quality where 90% of the bases in a sequence were required to have a quality score ≥ 20. Stygobromus were furthered trimmed to 80 base pairs due to observed quality score drop--off. We used process "radtags" from Stacks software package, version 1.19 [17] to sort reads by barcode and attempted to rescue barcodes and RAD tags and removing any reads with an uncalled base. We denovo aligned filtered reads from each individual using the denovo_map.pl perl script in Stacks [17] . We used a minimum of 5 identical raw reads to create a stack and allowed 2 mismatches between loci when processing a single individual and between loci when building the catalog. We also removed or broke--up highly repetitive RAD--Tags. We assigned diploid genotypes at each nucleotide position in each individual using the bounded maximum--likelihood method described by Catchen et al. [17] with an upper bound on sequencing error rate set to 0.1, a lower bound of 0.001, and a likelihood ratio significance level of α = 0.05. Finally, we used the populations program from Stacks to filter out any RAD tags with a read depth of less than 8 and a minor allele frequency (MAF) < 0.05. We performed additional SNP pruning in the PLINK pipeline [18] by removing, for both species, all individuals with >50% missing data, and all loci genotyped in < 60% of individuals. We also removed all loci that were not present in 50% of individuals in each population for Paraperla (7) and Stygobromus (5). We also removed all tags that included more than 4 SNPs or were out of Hardy--Weinburg equilibrium (P < 0.001) in more than 50% of populations. Finally, we calculated pairwise FST values using GENEPOP [19, 20] for population pairs and by using all individuals in each floodplain.
Results
Sequencing and genotyping. Using RAD--seq, we identified final sets of 806 SNPs for 90 P. frontalis individuals (7 populations) and 314 SNPs for 50 Stygobromus sp. individuals (5 populations). We found genetic differentiation between floodplains to be low for both species (FST = 0.004 for P. frontalis and FST = 0.000 for Stygobromus). These low FSTs were likewise reflected in low population pairwise FST values. For Paraperla we found a significant number of reads with poor quality and removed 48% of our initial reads, for Stygobromus we removed 12% of the raw reads. For Stygobromus, we identified two distinct species, one that was predominatly on the Nyack and one that predominantly appeared on the Kalispell floodplain. We also observed low depth of coverage and a lower final SNP count despite a much larger (e.g., 2--3 fold) SNP catalog identified in Stacks for Stygobromus versus Paraperla. This is mostly likely because while the genome size of Stygobromus is still unknown, it may be quite large: several amphipods have some of the largest genomes sizes known [21] . For all subsequent analyses we used only those samples from the species that was present predominantly on the Nyack, with 37 individuals on the Nyack and 13 on the Kalispell floodplains. For Paraperla we identified a final set of 806 SNPs for 90 individuals (7 populations) and for Stygobromus we identified a final set of 314 SNPs for 50 individuals (5 populations). Population genomics analysis. We calculated pairwise FST values within and between floodplains for both species. However, for Stygobromus we only kept 13 individuals from the Kalispell floodplain so we did not conduct within population pairwise FST tests for Stygobromus in this floodplain. We found genetic differentiation between floodplains to be low for both species (FST = 0.004 for Paraperla and FST = 0.000 for Stygobromus). These low FST were likewise reflected in low population pairwise FST values.
Discussion
There is a great deal that is still unknown about the life history of stygobionts and amphibionts in shallow alluvial aquifers. Information that might be easily gathered for epigean taxa is hard to come by for groundwater species. We have only begun to understand the complete timing of life--history patterns, including such fundamental questions as whether winged species are constrained to above--ground reproduction, or whether underground reproduction is possible. We also know little about organismal responses to challenging environmental conditions, and are assembling basic information on sources of organic carbon, and its flow through trophic levels.
This study represents one of the first applications of state--of--the--art genomic techniques to an aquatic invertebrate system in an effort to better understand local and regional population structure. Using hundreds of loci, we have shown a lack of regional structure in two species that is especially striking given their widely divergent life histories.
The stygobiontic life history of the amphipod genus Stygobromus suggests that it has limited dispersal capacity. It is an obligate groundwater taxon, with no epigean (above--ground) stages and Stygobromus individuals have never been found in surface waters (data not shown). And yet, we found a pairwise Fst value of 0.0 for comparisons between the Nyack and Kalispell floodplains, which are separated by 40 river km. This value is actually nominally lower than the Fst for winged Paraperla (0.004). Given that the Nyack floodplain is bounded by bedrock nickpoints on both its upper and lower end, it is surprising to see similar Fst estimates for an obligate groundwater taxon and a species with winged reproductives.
There are several possible explanations for this result, and we intend to explore each further. First, we have identified deep bedrock phreatic water channels underlying this region, and have long suspected that such connections may be linking distant floodplains. Such a habitat might be highly unfavorable for groundwater taxa, and yet our current results are consistent dispersal through it. Second, it is possible that Stygobromus individuals irregularly enter the drift, and pass bedrock nickpoints to become established in downstream floodplains.
In summary, we have applied powerful new genomics techniques to a fundamental biological question in a system that our group has studied for 40 years, and found a novel, surprising result. Ongoing work will extend these results with more robust taxonomic, genomic, and geographic sampling. We expect to better understand the roles of historical and ecological drivers of ground--water genomic and phylogenetic diversity in coming years.
